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194a Monday, February 4, 2013a mutant cell line Arp 2/3 depleted originated from IA32, evidencing the major
role of actin cytoskeleton on the compartmentalization of lipids. Simulations
connecting membrane content and actin cytoskeleton density provided insight
into the reason for apparent different diffusion modes in different cells.
Whereas lipid hop diffusion could still not be confirmed by SPT experiments
using fluorescent tags as markers due to technical limitations, it was now for
the first time evidenced by STED-FCS, which is the time-domain counterpart
of that technique.
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Nanostraw-Mediated Intracellular Delivery: Direct Observation of Cell/
Nanotube Interfaces
Alexander M. Xu, Amin Aalipour, Nicholas A. Melosh.
Stanford University, Stanford, CA, USA.
As a tool for massively parallel, high throughput molecular delivery, nanostruc-
tured platforms have emerged as a delivery technique with unique capabilities.
Nanostructured platforms are able to access many different types of cells, even
those that resist traditional techniques, and modern fabrication techniques can
be used to introduce unique functionalities into individual nanowires or nano-
tubes on a platform, such as electrical access. Unfortunately, the active delivery
process, including the number or percentage of nanostructures that participate,
the time scale of delivery, and the mechanisms, whether endocytotic or directly
penetrating, are still unknown. Using single event, nanowire-based methods,
these important characteristics of delivery are difficult to study and the tech-
nique is effectively a black box. We previously reported on a system, the nano-
straw platform, capable of time resolved deliveries and in situ observation.
Here we introduce a technique using nanostraws to directly observe molecular
deliveries to cells. Using a simple, two part delivery assay, we demonstrate not
only the direct observation of nanostraw penetration into cells, but also the
probability and frequency of cell penetration by nanostraws. We are also
able to demonstrate how soon cells accept nanostraw access after plating. Using
these nanostraw techniques, we can make the first direct observations of the dy-
namic high-aspect ratio nanostructure to cell interface during molecular
delivery.
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Development of New Fluorescent Voltage Sensor Proteins
Uhna Sung1, Masoud Allahverdizadeh1,2, Thomas Hughes3,
Lawrence B. Cohen1,2, Bradley Baker1.
1Korea Institute of Science and Technology, Seoul, Korea, Republic of, 2Yale
University, New Haven, CT, USA, 3Montana State University, Bozeman,
MT, USA.
Our goal is to develop genetically encoded fluorescent biosensors (FP voltage
sensors) and to use them for optical recording of membrane potential in excit-
able cells. We created a series of FRET (fluorescence resonance energy trans-
fer) based sensors. These constructs contained the voltage sensing domain of
CiVSP (Ciona intestinalis voltage sensitive phosphatase) as voltage sensor
fused with two fluorescent proteins, UKG (green-emitting fluorescent protein
Umi-Kinoko) and mKOK (orange-emitting fluorescent protein Kusabira or-
ange) as donor and acceptor. We used PCR to generate a library of constructs
with insertions of the green and orange fluorescent proteins into different re-
gions in CiVSP. Insertion of FRET donor and acceptor at different locations
affects plasma membrane expression, FRET signal intensity, and response
time constant. We are screening the these FP voltage sensors by examining
the FRET signal in response to changes in membrane potential in HEK293
cells. Several novel probes have been identified; some with relatively large sig-
nals (>7% DF/F) and fast taus (<3 msec). We hope this effort will lead to volt-
age sensor proteins useful for in vivo recording of membrane potential in
neurons.
Supported by US NIH Grants DC005259 and NS054270 and grant WCI 2009-
003 from the National Research Foundation of Korea.
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Protein Sizing and Conformation Analysis with an Electro-Switchable
DNA Chip
Andreas Langer, Paul A. Hampel, Wolfgang Kaiser, Jelena Knezevic,
Thomas Welte, Valentina Villa, Makiko Maruyama, Frank Fischer,
Ralf Strasser, Ulrich Rant.
Technische Universita¨t Mu¨nchen, Garching, Germany.
Powerful methods for analyzing proteins and their interactions with small mol-
ecules, nucleic acids or other proteins are a cornerstone in the development of
new drugs and next-generation disease diagnostics. Commonly, affinity and ki-
netics of molecular interactions are determined with surface biosensors, which
measure the adsorption/desorption of solute target molecules to/from surfaceimmobilized capture molecules. However, information on protein size, shape
(folding state), molecular aggregates, or chemically subtle changes such as
post-translational modifications, usually remain unrevealed and must be iden-
tified in complementary assays.
Here, we show that by analyzing the molecular dynamics of proteins, set in mo-
tion by electrically actuated DNA ‘levers’, it is possible to measure protein size
and detect changes in protein structure. Simultaneously, chemical rate con-
stants and dissociation constants are obtained. The method is label-free, uses
a parallel microelectrode format for multiplexed assays and microfluidics for
low sample consumption. An analytical model based on continuum electro-
static Poisson-Boltzmann theory and the Fokker-Planck equation allows to de-
termine the protein’s diameter with sub-nanometer accuracy. Evaluating an
extensive set of molecular dynamics data with ligand proteins of differing
size, we find excellent agreement between theory and experiment.
The devised concepts open up a novel route for protein analysis on a chip. The
relative abundance of antibody fragments in heterogeneous mixtures can be de-
termined, the unfolding of the protein tertiary structure is easily detected and
even the ion-induced conformational change of a protein is observed in real-
time. Moreover, we demonstrate the revelation of post-translational modifica-
tions at the example of a glycosylation and a phosphorylation.
Due to the unprecedented information content about the investigated proteins,
offered by this novel technology, we believe that we can provide an essential
prerequisite for the progress in early identification of promising leads when
screening for biological drug candidates.
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Progress in Membrane Protein Folding
Paula Booth.
Biochemistry, University of Bristol, Bristol, United Kingdom.
Integral membrane proteins adopt diverse structures with different stabilites,
dynamics and oligomeric states. It is unknown howmuch of their folding is dic-
tated by the amino acid sequence and how much by the membrane environ-
ment. Membrane proteins account for about 25-30% of cellular proteins and
their structures are largely hydrophobic and dominated by transmembrane he-
lical bundles. Successful approaches to fold helical membrane proteins have
been developed together with advances in kinetic studies in vitro. We have
combined kinetic, thermodynamic and mutageneis in a study of folding which
reveals the reaction free energy and a means to probe the transition state and
demonstrates correlations with cellular folding. We also develop in vitro lipid
bicelle and bilayer folding systems for membrane proteins. Bicelle properties,
as well as the stored curvature elastic stress of model bilayers can be used to
optimise the rate, yield and stability of folded protein. We have shown that
events such as transmembrane helix insertion, as well as tertiary and quaternary
structure formation are altered by the stored curvature stress of the bilayer. We
are also progressing our studies to more complex, larger and multi-subunit
proteins.
1. Di Bartolo ND, Hvorup RN, Locher KP, Booth PJ: In vitro folding and as-
sembly of the Escherichia coli ATP binding cassette transporter, BtuCD. J Biol
Chem 2011, 286:18807-18815.
2. Curnow P, Di Bartolo ND, Moreton KM, Ajoje OO, Saggese NP, Booth PJ:
Stable folding core in the folding transition state of an alpha-helical integral
membrane protein. Proc Natl Acad Sci U S A 2011, 108:14133-14138.
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Do Membrane Proteins Need to Fold in a ‘‘Membrane-Mimetic’’ Environ-
ment in Order to Reach a Functional 3D Structure?
Jean-Luc Popot, Ph.D.
IBPC, UMR 7099, CNRS, PARIS, France.
Do membrane proteins need to fold in a ‘‘membrane-mimetic’’ environment in
order to reach a functional 3D structure?
Since the first demonstration that bacteriorhodopsin can be refolded in vitro
from a fully denatured state to a functional one (1), over 20 membrane proteins
(MPs) have been folded or refolded in artificial media, and many others have
been expressed by cell-free synthesis. The role of the environment in MP fold-
ing has however remained somewhat unclear. Which information, which inter-
actions, which constraints does the polypeptide require in order to adopt
a functional 3D structure?
Amphipols (APols) are short amphipathic polymers designed to substitute to
detergents for handling MPs in aqueous solutions (2). Upon trapping a MP
with APols, a water-soluble complex forms, in which the protein is, in general,
much more stable than in detergent solution. Among the many applications of
Monday, February 4, 2013 195aAPols (3, 4), a particularly successful one is folding MPs from an unfolded or
denatured state to a functional one, or expressing them in vitro (5-9). Not only
are these approaches of great practical interest, but they also provide a stringent
test of how ‘‘membrane-mimetic’’ an environment must be in order to allow
MPs to reach their native state. Their applications and implications will be
discussed.
1. Huang et al. (1981). J. Biol. Chem. 256, 3802-3809.
2. Tribet et al. (1996). Proc. Natl. Acad. Sci. USA 93, 15047-15050.
3. Popot, J.-L. (2010). Annu. Rev. Biochem. 79, 737-775.
4. Popot et al. (2011). Annu. Rev. Biophys. 40, 379-408.
5. Pocanschi et al. (2006). Biochemistry 45, 13954-13961.
6. Dahmane et al. (2009). Biochemistry 48, 6516-6521.
7. Bazzacco et al. (2012). Biochemistry 51, 1416-1430.
8. Dahmane et al. Eur. Biophys. J., in the press.
9. Pocanschi et al., in preparation.
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New Insights into the Molecular Mechanism of Beta Barrel Outer
Membrane Protein Folding
Sheena Radford.
Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds,
United Kingdom.
Inspired by the seminal work of Anfinsen, investigations of the folding of small,
water-soluble proteins have culminated in detailed insights into how these
molecules attain and stabilise their native folds. In contrast, despite their over-
whelming importance in biology, progress in understanding the folding and
stability of membrane proteins remains relatively limited. Focusing on the
b-barrel outer membrane protein, PagP, we have been using mutational analysis
to determine how this protein folds from its urea denatured state into lipid ves-
icles and how this process is facilitated by molecular chaperones. In this lecture
I will describe our recent experiments that have investigated the initial interac-
tions of PagP with a bilayer, its mechanism of insertion into lipid, and how this
process is facilitated by themolecular chaperones skp and surA.Thework is at an
early stage compared with the plethora of knowledge about the folding of water
soluble proteins and how this is assisted by chaperones. Nonetheless the folding
of this membrane protein is revealing new insights, new challenges and fasci-
nating synergies with the folding mechanisms of water soluble counterparts.
References
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Periplasmic Chaperones and their Function in the Folding of Outer
Membrane Protein A into Lipid Membranes
Jo¨rg H. Kleinschmidt.
Dept. of Biophysics, University of Kassel, Kassel, Germany.
In Gram-negative bacteria, outer membrane proteins (OMPs) are translocated
across the cytoplasmic membrane in unfolded form via the Sec translocon.
Prior to insertion and folding into the outer membrane, the OMPs have to tra-
verse the periplasm. Molecular chaperones prevent OMP aggregation before
the OMPs reach the outer membrane. OMPs like outer membrane protein A
(OmpA) have been shown to interact with chaperones, like Skp (1-3) and
SurA (4-6).
OmpA folds spontaneously into lipid bilayers from a urea-unfolded form when
the denaturant urea is strongly diluted. We have examined the kinetics of fold-
ing of OmpA and how it is affected by the chaperones Skp, SurA, FkpA. In all
experiments, either in the absence or in the presence of any of these chaperones,
the kinetics are well-described by two parallel kinetic processes of OmpA fold-
ing and insertion into lipid bilayers. Both processes were of first order. All ex-
amined chaperones increased the contribution of the faster folding process.
However, only SurA caused an increase of the rate constant of the fast folding
process. The temperature dependence of OmpA folding into lipid bilayers in-
dicated that SurA lowers the activation energy of folding for the faster process.
References:
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Reconstituting Basic Steps of Synaptic Vesicle Fusion
Cong Ma, Lijing Su, Alpay B. Seven, Yibin Xu, Josep Rizo.
University of Texas Southwestern Medical Center, Dallas, TX, Canada.
Neurotransmitter release depends critically on: the SNAREs syntaxin-1, synap-
tobrevin and SNAP-25, which form SNARE complexes that bridge the vesicle
and plasma membranes; NSF/SNAPs, which disassemble SNARE complexes;
Munc18-1, which binds to syntaxin-1 and, together with Munc13, orchestrates
SNARE-complex assembly; and the Ca2þ sensor synaptotagmin-1. Previous at-
tempts to reconstitute neurotransmitter release revealed efficient fusion of
syntaxin-1/SNAP-25-liposomes with synaptobrevin-liposomes in the presence
synaptotagmin-1/Ca2þ, in stark contrast with physiological data showing that
Munc18-1 and Munc13 are essential for neurotransmitter release. We now
solve this paradox, showing that Munc18-1 displaces SNAP-25 from
syntaxin-1 and that syntaxin-1/Munc18-1-liposomes fuse efficiently with
synaptobrevin-liposomes in a manner that requires SNAP-25, Munc13-1 and
synaptotagmin-1/Ca2þ. Moreover, when starting with syntaxin-1/SNAP-25-
liposomes, NSF/a-SNAP disassemble the syntaxin-1/SNAP-25 heterodimers,
thus inhibiting fusion, and fusion then requires Munc18-1 and Munc13-1.
These results suggest that, for the first time, our experiments reconstitute syn-
aptic vesicle fusion with the eight major components of the release machinery.
We propose a model whereby the pathway to synaptic vesicle fusion does not
proceed through syntaxin-1/SNAP-25 heterodimers and starts at the syntaxin-1/
Munc18-1 complex; Munc18-1 and Munc13 then orchestrate membrane fusion
together with the SNAREs, synaptotagmin-1 and Ca2þ in a manner that is not
inhibited by NSF/SNAPs.
1002-Symp
Reconstitution of Calcium-Triggered Synaptic Vesicle Fusion
Axel Brunger, Ph.D.
HHMI/Molecular and Cellular Physiology, Stanford University School of
Medicine, Stanford, CA, USA.
The highly conserved SNARE protein family mediates membrane fusion in eu-
karyotic cells. We recently developed an assay to study calcium triggered syn-
aptic vesicle fusion using single vesicle-vesicle optical microscopy. Prior to
calcium injection, the system starts from a metastable state of single interacting
pairs of donor and acceptor vesicles. Upon calcium injection, the system mon-
itors content mixing (exchange or release of content) as well as lipid mixing
(exchange of membrane components). Our system differentiates between ves-
icle docking, hemifusion, and complete fusion. Events are monitored on a hun-
dred-millisecond time scale. We found that our system with reconstituted
neuronal SNAREs, synaptotagmin-1, and complexin qualitatively mimics ef-
fects of calcium-triggered fast synchronous release. New insights into the
mechanism of action of calcium-triggered synaptic vesicle fusion will be
discussed.
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Ultra-High Resolution Imaging Reveals Formation and Preponderance of
Neuronal SNARE/Munc18 Complexes In Situ
Alexandros Pertsinidis.
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Membrane fusion is mediated by complexes formed by SNAP-receptor
(SNARE) and Sec1/Munc18-like (SM) proteins, but it is unclear when and
how these complexes assemble inside the cell. Here we describe an improved
fluorescence nanoscopy technique that can achieve effective resolutions of up
to 7.5 nm FWHM (3.2 nm localization precision), limited only by stochastic
